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Analysis of expressed sequence tags (ESTs) was
performed to gain insights into cold adaptation in
the polar diatom Fragilariopsis cylindrus Grunow.
The EST library was generated from RNA isolated
5 days after F. cylindrus cells were shifted from ap-
proximately þ 51C to  1.81 C. A total of 1376 ESTs
were sequenced from a non-normalized cDNA li-
brary and assembled into 996 tentative unique se-
quences. About 27% of the ESTs displayed
similarity (tBLASTX, e-value of 10 4) to predict-
ed proteins in the centric diatom Thalassiosira
pseudonana Hasle & Heindal. Eleven additional al-
gae and plant data bases were used for annotation of
sequences not covered by Thalassiosira sequences
(7%). Most of the ESTs were similar to genes encod-
ing proteins responsible for translation, ribosomal
structure, and biogenesis (3%), followed by genes
encoding proteins for amino acid transport and me-
tabolism and post-translational modifications. In-
terestingly, 66% of all the EST sequences from F.
cylindrus displayed no similarity (e-value 104) to
sequences from the 12 non-redundant databases.
Even 6 of the 10 strong to moderately expressed
sequences in this EST library could not be identi-
fied. Adaptation of F. cylindrus to freezing tempera-
tures of seawater may require a complex protein
metabolism and possibly also genes, which were
highly expressed but still unknown. However, it
could also mean that due to low temperatures, there
might have been a stronger pressure to adapt amino
acid sequences, making it more difficult to identify
these unknown sequences and/or that there are still
few protist sequences available for comparison.
Key index words: EST; cold acclimation; diatom;
gene expression; polar; genome
Abbreviations: cDNA, complementary DNA; e,
expectancy value; EST, expressed sequence tag;
fcp, fucoxanthin/chl binding protein; TC, tentative
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The polar seas are one of the least studied and least
understood ecosystems on the planet. Photosynthesis
and oxygen production in polar regions are mainly ac-
complished by single-celled phytoplankton that live in
the top portion of the ocean and within sea ice (Leg-
endre et al. 1992, Lizotte 2001, Boyd 2002, Thomas
and Dieckmann 2002). Relatively few classes of phyto-
plankton and a small number of genera and species
appear to play key roles in trophic interactions and
biogeochemical fluxes such as that of carbon (Falkowski
et al. 2004). The most important class of phytoplankton
in the polar marine food-web are diatoms (Bacillar-
iophyceae, Smetacek 1999), with many species that are
highly stenothermal with upper lethal temperature lim-
its of only approximately þ101C (Fiala andOriol 1990).
Polar diatoms are well adapted to the main stressors in
polar seas: constant low and freezing temperatures,
physical disturbances from sea ice, and extreme sea-
sonality (Cota 1985). However, they probably benefit
from the relatively high concentrations of dissolved sil-
icate (Si(OH)4) in polar seawater. Species prominent in
sediments also serve as proxies in the reconstruction of
paleoclimate (Leventer 1998). In the past, because of the
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important global role of diatoms in polar marine eco-
systerms, many investigations were carried out using in
situ perturbation experiments (e.g. EISENEX, EIFEX,
SOFeX, ISPOL), meso- and microcosm studies, and
physiological and biochemical experiments to assess
their adaptation and to understand their role in the
biogeochemical cycles of polar oceans (Boyd 2002, Co-
ale et al. 2004, Falkowski and Davis 2004). Despite these
efforts, it is still unclear what features allow polar dia-
toms to survive under polar conditions.
Genome sequencing has become a powerful tool and
many genomes from key organisms have been
sequenced to provide the basis for understanding
biochemical and physiological activities in these organ-
isms. Early reports of genome sequences from autotro-
phic prokaryotes by Rocap et al. 2003, Palenik et al.
2003, along with a paper by Dufresne et al. 2003, dem-
onstrate how genomic studies can lead to a new under-
standing of biodiversity, ecology, biological efficiency,
and biogeochemistry in marine systems. Recently, the
first complete genome of an ecologically important ma-
rine diatom (Thalassiosira pseudonana) was sequenced
(Armbrust et al. 2004). New metabolic pathways were
discovered such as the urea cycle in T. pseudonana and
the uptake of cyanate as a nitrogen source in Prochloro-
coccus MED4. Up to now, biological oceanographers had
not considered cyanate as a nitrogen source of any sig-
nificance. Genome research may therefore influence
paradigms on biogeochemical cycling of elements.
About 50% of sequences from newly sequenced
genomes and expressed sequence tags (ESTs) bear
no similarity to genes identified previously (Armbrust
et al. 2003, Ronning et al. 2003). This proportion may
be even larger for organisms from polar environments
(Clark et al. 2004). These genes could point to novel
physiological and ecological phenomena and may also
have the potential for biotechnological applications.
The first whole genome sequences from polar micro-
organisms (e.g. Colwellia psychrerythraea, Psychrobacter
sp. 273–4) and BAC libraries from ice fishes demon-
strate the presence of specific metabolical pathways
(http://www.genome.gov/10001852). Recently, the U.S.
National Academy of Sciences has mapped a strategy
for advancing our understanding of polar regions
(Hoag, 2003, National Research Council USA 2003).
Genomic sequencing and expression analysis will be at
the center of this endeavor.
We selected the pennate diatom Fragilariopsis cylindrus
for molecular studies onmechanisms of polar adaptation.
Fragilariopsis cylindrus is regarded as the most important
cold water diatom of the polar oceans (von Quillfeldt
2004). This diatom has been reported as a dominant
species in sea ice, but can also dominate in open water
blooms. The goal of this work was to provide a function-
ally annotated preliminary set of ESTs from F. cylindrus
expressed under an important polar environmental con-
dition: freezing temperature. Our results provide the
first insights into the genome of a polar diatom and pro-
vide evidence for specific sequences that may underlie
adaptation to freezing conditions in polar waters.
MATERIALS AND METHODS
Fragilariopsis cylindrus cDNA library and EST genera-
tion. Fragilariopsis cylindrus was isolated from Antarctic sea ice
during a ‘‘Polarstern’’ expedition (ANT XVI/3) in the eastern
Weddell Sea. Axenic cultures were grown at þ 51C in a 10L
batch culture under 35mmolphotons m2  s 1 (16:8 L:D) in
double f/2 medium (Guillard and Ryther 1962). Bubbling with
air (150mL/min) ensured sufficient CO2 supply and continu-
ous mixing. Samples for the cDNA library were taken 5 days
after chilling the cells to the freezing point of seawater (ap-
proximately  1.81C). Fragilariopsis cylindrus is acclimated to
freezing conditions after five days at this irradiance, as shown in
an expression study (Mock and Valentin 2004).
Total RNA was isolated with an RNeasy Plant Mini Kit (Qia-
gen, Hilden, Germany). The mRNAwas isolated from approx-
imately 100mg total RNA with an Oligotex mRNA Midi-Kit
(Qiagen). Approximately 800ng poly Aþ mRNA was used for
first-strand cDNA synthesis. The cDNA library was synthesized
with a SMARTt cDNA Library Construction Kit (Clontech,
Mountain View, CA, USA). Total poly Aþ mRNA was used for
first-strand synthesis with SMART IVt oligonucleotides and
CDS III/30PCR primer. Double-stranded cDNA synthesis was
performed by LD PCR with an Eppendorf Thermocycler
(Hamburg, Germany) using the following program: 951 C for
5min denaturation, and subsequent 20 cycles at 951 C (2min)
and 681 C (6min). The cDNA was digested with SfiI and frac-
tionated with CHROMA Spint-400 columns (Amersham,
Braun-Schweigen, Germany). The resulting cDNAs were li-
gated at 161C overnight into pTriplEX2 vectors. A separate l-
phage packaging reaction (Promega, Madison, WI, USA) was
used to obtain an amplified library with a titer of 2.7  109pfu/
mL. Blue/white screening with IPTG and X-gal revealed a re-
combination efficiency of approximately 70%. We recovered
DNA from the clones with the magnetic bead kit from Qiagen.
Sequencing of cDNA clones from 50 end were performed using
BigDye terminator chemistry from Applied Biosystems, Foster
City, CA, USA. The sequencing reaction products were sepa-
rated on ABI3700 96 capillary machines. Base calling, vector
masking, and sequence quality assessment were performed
using Phred (Ewing and Green 1998, Ewing et al. 1998). Se-
quences with a Phred score less than 20 were rejected from the
data set.
EST clustering and assembly analysis. The Phrap algorithm
with a minimum quality score of 20 was used for clustering of
sequences. Sequence clusters were inspected manually with
the help of the Staden package (Staden et al. 1998).
Sequence comparison and functional classification. Individual
tentative unique sequences were compared (tBLASTX) to
swissprot and genpept data bases on a local Sun system. Fur-
thermore, individual data bases of all available sequences
from Thalassiosira pseudonana (http://genome.jgi-psf.org/
thaps1/thaps1.home.html), Cyanidioschyzon merolae (http://
merolae.biol.s.u-tokyo.ac.jp/), Porphyra yezoensis (http://www.
kazusa.or.jp/en/plant/porphyra/EST/), Oryza sativae (http://
www.tigr.org/tdb/e2k1/osa1/), Arabidopsis thaliana (http://www.
arabidopsis.org/), Physcomitrella paten (http://www.moss.leeds.
ac.uk/)s, and Chlamydomonas reinhardtii (http://www.chlamy.
org/chlamydb.html) were built and queried the same way.
Functional domains were searched against COG (http://
www.ncbi.nlm.nih.gov/COG/old/xognitor.html) and Interpro
(http://www.ebi.ac.uk/interpro/) data bases using default que-
ry parameters.
RESULTS
Clustering and assembly analysis. The 50 ends of 2372
randomly chosen clone inserts were sequenced from
a non-normalized cDNA library. Phred analysis (Ew-
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ing et al. 1998) identified 1376 high-quality sequenc-
es. To determine the redundancy in the present EST
data set and to identify tentative unique sequences,
all 1376 ESTs were subjected to sequence clustering
and assembly analysis using the Phrap algorithm with
standard parameters. Sequence clusters were in-
spected manually with the help of the Staden pack-
age (Staden et al. 1998). The tentative unique
sequences consisted of tentative unique singletons
and tentative consensus (TC; Ronning et al. 2003)
sequences. The ESTs with less than 95% sequence
identity over the matching range to other EST se-
quences from the library were defined as singletons,
and TCs were derived from aligned groups of ESTs
sharing significant sequence similarity. Approximate-
ly 58% of the 1376 F. cylindrus ESTs were identified as
singletons, whereas approximately 42% of the ESTs
were aligned into 192 tentative unique consensus se-
quences. Finally, a set comprising 996 tentative un-
ique sequences was derived (Table 1). The length of
these sequences ranged from 18 to 1580 bp with an
average of 415 bp. The number of ESTs in the TCs
ranged from two to 31, with an average of 3 ESTs per
consensus sequence. The number of ESTs corre-
sponding to the tentative unique sequences (single-
tons and TCs) ranged from one to 31, with an
average of 1.4 ESTs per tentative unique sequence
(Fig. 1).
Functional analysis of tentative unique sequences. The
996 tentative unique sequences were compared with
11 non-redundant data bases, of which two (Interpro
and COG) were used to identify functional protein
domains (supplementary Table 1). Because the Chla-
mydomonas database was composed of a genomic da-
tabase and an EST database, the total number of
databases increased to 12. The comparison was con-
ducted using BLASTX (Altschul et al. 1997) with a
cut-off expectancy (e) value of 104. Using the dis-
tribution of e-values for the best matching sequence
identified in these 10 data bases, the F. cylindrus se-
quences were most similar to those of the Thalassiosira
database. Conversely, Chlamydomonas sequences
showed the lowest similarities to sequences from the
F. cylindrus data base (Fig. 2). Most of the significant
(e-value 10 4) matches were also retrieved from the
Thalassiosira data base (total matches: 271). Sixty-nine
sequences displayed no similarity to sequences from
Thalassiosira but were similar to sequences from the
other data-bases. A comparison of all matches from
all data-bases identified 340 sequences in F. cylindrus
that were similar to a data-base sequence (Table 2).
Interestingly, 84 sequences from F. cylindrus had sim-
TABLE 1. Clustering and redundancy within the cDNA
library.
No. sequences
Total number of ESTs 1376
Singletons 804
ESTs in tentative unique consensi (TCs) 572
TCs 192
Tentative unique sequences 996
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FIG. 1. Distribution of the number of Expressed sequence
tags (ESTs) per assembled tentative unique sequence. In total,
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FIG. 2. Distribution of e-values from 10 non-redundant dat-
abases. Functionally defined database entries were used as re-
source for assignment of potential functions to the tentative
unique sequences. Matches with e-values higher than 10 10 are
most likely insignificant and can may due to e.g. biased nucleo-
tide usage as in Chlamydomonas reinhardtii.
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ilar sequences only in Thalassiosira, three only in
Chlamydomonas, two only in Porphyra, one only in
Physcomitrella, three only in higher plants, and 17
only in protein data bases (Swissprot and Genpept)
(Table 2, supplementary Table 2). Most of the 84 se-
quences that occurred exclusively in the genome of
Thalassiosira showed the highest degree of similarity
to eukaryotic counterparts from other algae/plants
(30% of sequences), animals (27% of sequences), and
fungi (4% of sequences) (Fig. 3a). Twenty-three per-
cent of these sequences were predicted open reading
frames (ORFs) with EST support but unknown func-
tion (not related to conserved hypothetical proteins),
and 16% showed similarity to bacterial sequences. In
contrast, matches only found in protein data bases
(17 matches) showed the highest degree of similarity
to prokaryotic counterparts from bacteria (65% of 17
matches, Fig. 3b). Eighteen percent of these sequenc-
es were similar to fungi and 17% to animals. Although
bacterial contaminations of the algal culture cannot
be ruled out entirely, the relatively high e-values
(close to 10 4) point to either fast-evolving, horizon-
tally transferred sequences, or to non-significant
matches. Sequences found only in Chlamydomonas, Por-
phyra, and Physcomitrella are related to conserved hypo-
thetical proteins with unknown function, except for
one sequence from Porphyra, which was identified as an
unspecific monooxygenase (e-value 4  1023).
A total of 656 sequences seem to be specific to F.
cylindrus, a number that may change as more sequenc-
es become available from new genome projects (e.g.
Phaeodactylum tricornutum). In addition, these results
from sequence comparison (Table 2 and Fig. 2) are
based on heterogenous data sets. For instance, there
are many more sequences available from the genome
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Highest similarity to bacteria
Highest similarity to fungi
Highest similarity to algae and plants
Highest similarity to animals
Unknown function
FIG. 3. Distribution of matches either in the genome of
Thalassiosira pseudonana (a) or non-redundant protein data bas-
es (Swissprot and genpept) (b). These sequences from T. pseudo-
nana, swissprot, and genpept shared similarity with sequences
from either bacteria, fungi, other algae, plants, or animals.
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because the genome of Chlamydomonas is about 90%
complete, and over 150,000 ESTs (dbEST NCBI) are
available. In contrast, genome sequence from Phor-
phyra is not yet available, but approximately 21,000
ESTs (dbEST NCBI) have been sequenced. A compre-
hensive data bank for F. cylindrus ESTs was constructed
and can be found at http://genome.imb-jena.de/AL-
GAE/index.html. Additionally, all ESTs were submitted
to http://www.ncbi.nlm.nih.gov/dbEST/.
Most abundant sequences in TCs. Several TCs were
composed of mulitple EST sequences (Table 3). The
most abundant EST detected encoded a fucoxanthin/
chl a,c binding protein (fcp) (31 ESTs), followed by a
calmodulin-like protein (20 ESTs) and a protein of
unknown function with a predicted signal peptide
sequence (Interpro data base match). Another abun-
dant fcp (9 ESTs) as well as an Sm-like protein (7
ESTs) could be identified among the 10 most abun-
dant TCs. The remaining five most abundant TCs
encoded proteins with unknown function. Two of
these TCs had a putative signal peptide sequence
followed by an open reading frame (Table 3).
Most abundant protein domains and assigned functional
categories. All tentative unique sequences were com-
pared with the Interpro (EBI) and COG (clusters of
orthologous groups of proteins, NCBI) data base to
identify protein domains. From all tentative unique
sequences (996 sequences), 245 sequences (approxi-
mately 25%) were found to contain conserved protein
domains (supplementary Table 1). The COG data-
base and its functional categories were used to cluster
all domains (Table 4). Biological processes such as
translation, ribosomal structure, and biogenesis (cat-
egory J) were represented by 26 protein domains,
followed by amino acid transport and metabolism
(category E) (17 protein domains), post-translational
modifications (category O) (15 protein domains), en-
ergy production and conversion (category C) (11
protein domains), and carbohydrate metabolism (cat-
egory G) (10 protein domains) and general metabo-
lism (category R) (10 protein domains) (Table 4). The
most abundant protein domains from both data bases
(Interpro, COG) are shown in Table 5.
DISCUSSION
Abundance and function of tentative unique sequen-
ces. Only 0.2% (two sequences) of all sequences were
highly expressed, i.e. they are represented by TCs
comprising more than 10 ESTs (Zhang et al. 2004). A
total of 31 ESTs encode a fucoxanthin, chl a,c-binding
protein (fcp), the major protein components of the
light-harvesting antenna complexes of PSI and PSII
within diatom plastids (Grossman et al. 1990). In ad-
dition, a second gene encoding an fcp was supported
with nine ESTs. Some fucoxanthin, chl a,c binding
proteins are known to be highly expressed in F.
cylindrus, as indicated by an expression study using
macroarrays (Mock and Valentin 2004). A gene en-
coding an fcp was also supported by the most ESTs in
a P. tricornutum EST library (Scala et al. 2002), sug-
gesting that members of this gene family (fcps) may
be highly expressed under certain stresses or chang-
ing environmental conditions. The second TC in this
study is composed of 20 ESTs and encodes a calmod-
ulin-like protein whose specific function cannot be
TABLE 3. Most abundant TCs (tentative unique consensi).
Internal name of TC Gene definition
No. of clones
in sequence
F.cyla04h04.s1 Fucoxanthin chl a,c-binding protein 31
F.cyla16se09.s1 Calmodulin-like protein 20
F.cyla19g12.s1 Unknown function; signal peptide predicted 9
F.cyla01c06.s1 Fucoxanthin chl a,c-binding protein 9
F.cyla19e03.s1 Unknown function 8
F.cyla19h06.s1 Sm-like protein 7
F.cyla10g01.s1 Unknown function; signal peptide predicted 7
AVIEST.0.231 Unknown function 7
F.cyla08d09.s1 Unknown function; signal peptide predicted 7
F.cyla12e12.s1 Unknown function 6
TABLE 4. Most abundant functional categories identified by the COG (cluster of orthologous groups of proteins) data base
(http://www.ncbi.nlm.nih.gov/COG/old/xognitor.html).
Rank Functional category (symbol of category)
No. of protein
domains
1 Translation, ribosomal structure, and biogenesis (J) 26
2 Amino acid transport and metabolism (E) 17
3 Post-translational modification, protein turnover, chaperones (O) 15
4 Energy production and conversion (C) 11
5 Carbohydrate transport and metabolism (G) 10
5 General function prediction only (R) 10
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defined by sequence comparison. However, of the
996 tentative unique sequences, two IQ calmodulin
binding regions (IPR00048) could be identified: one
interpro domain matched the annotated calmodulin-
like protein and the other a conserved protein with
unknown function. Calmodulin acts as a major cal-
cium sensor and orchestrator of regulatory events
through its interaction with a diverse group of cellu-
lar proteins (Rhoads and Friedberg 1997). Three
classes of recognition motifs exist for many of the
known calmodulin binding proteins. The IQ motif is
a consensus for Ca2þ -independent binding, and two
related motifs termed 18–14 and 1–5–10 based on
the position of conserved hydrophobic residues indi-
cate Ca2þ -dependent binding. The calmodulin bind-
ing IQ motif occurs in a variety of proteins such as
protein kinases, GTPase-activating enzymes, sodium
channel proteins and multidrug resistance proteins
(Rhoads and Friedberg 1997). The question remains
regarding which specific function this protein carries
out in F. cylindrus.
A moderately expressed sequence (six to nine ESTs
per TC) encoded an Sm-like protein. Proteins from the
Sm family are known to interact with small mRNAs for
mRNA processing (e.g. splicing). The Sm proteins are
essential for pre-mRNA splicing and are implicated in
the formation of stable, biologically active spliceosomal
small nuclear ribonucleoproteins (snRNP) structures
that are involved in Sm protein–protein interactions
(Hermann et al. 1995).
The remaining six TCs out of the 10 most abundant
TCs could not be functionally defined based on anal-
ysis of all 12 data bases (tBLASTX and BLASTN),
which is unusual based on EST libraries from other
eukarytoes (chl Scala et al. 2002, Ronning et al. 2003,
Shrager et al. 2003, Habermann et al. 2004, Ida et al.
2004) in which the most highly expressed genes had
defined functions. The TCs from F. cylindrus were not
related to conserved genes with unknown function,
nor to genes from other diatoms (T. pseudonana and P.
tricornutum). However, all six TCs had an open reading
frame either at the 50 end or in the middle of the se-
quence, and five had a polyA tail and a length between
671 and 1263bp. For 129 ESTs with a polyA tail, we
could localize the gene end relative to the polyA tail
and were therefore able to calculate the average length
of the 30 UTR, which was 138bp (5–500bp). The
smallest TC of the six most abundant TCs with un-
known function is longer than the longest 30 UTR se-
quence. Consequently, it is unlikely that the six
abundant unknown TCs are UTRs. They could there-
fore be specific sequences at least moderately ex-
pressed under freezing conditions.
Sequence comparison with data bases. Sixty-six per-
cent of sequences in the EST library from F. cylindrus
are related to genes of unknown function. However,
it is possible that some of these sequences that were
shorter (less than 100 bp) and without a polyA tail
may have corresponded to UTRs. The remaining
34% of the ESTs showed similarities, expressed as low
e-values (e-value 1004), to sequences from T. pseu-
donana and ESTs from P. tricornutum, which were in-
tegrated into the annotation of the genome from T.
pseudonana. This high similarity of sequences between
F. cylindrus and T. pseudonana is related to the fact that
they both belong to the class Bacillariophyceae.
Eighty-four EST sequences were similar to sequenc-
es found only in the T. pseudonana data base but not in
the other plant/algae databases examined here. Thirty-
one percent of these 84 genes had similarities to genes
from heterotrophic eukaryotic organisms (fungi and
animals), which were possibly derived from the het-
erotrophic secondary host, although gene loss in the
plant/red algal lineage cannot be ruled out (Armbrust
et al. 2003). Twenty-three percent were novel diatom
genes with unknown function. Interestingly, all simi-
larities to sequences exclusively found in protein data-
bases (genpept and swissprot) were related to bacteria
and other heterotrophs, and none of them were found
in the plant databases or the T. pseudonana data base
examined here. For instance, there are 3 ‘‘animal-like’’
F. cylindrus sequences that are absent from T. pseudo-
nana: one is most similar to a human calpain protease
(PalBH/CAPN7, Acc. Nr. Q9Y6W3), and the other
two to the Dictyostelium discoideum kinase (SNF1/AMP,
Acc. Nr. AAD30963) and MkpA protein (Acc. Nr.
AAO51390). Interestingly, all three sequences were re-
lated to protein metabolism.
Abundant protein domains and functional distribu-
tion. The three most common functional categories,
comprised of 58 protein domains (23% of all identi-
fied domains), were related to translation, including
post-translational modifications and transport of ami-
no acids/peptides. Six different DNA/RNA helicases
in the EST library revealed that DNA and RNA coil-
ing/uncoiling are important for this organism. Mini-
mizing secondary structures and duplexes of
mRNAs, which could easily form under low temper-
atures, is necessary to initiate translation. Up-regula-
tion of a DEAD/DEAH box RNA helicase under
freezing temperatures already demonstrated the
importance of this process in F. cylindrus (Mock and
TABLE 5. Most abundant protein domains identified by the
COG (Cluster of Orthologous Groups of Proteins) (http://
www.ncbi.nlm.nih.gov/COG/old/xognitor.html) and Inter-








2 ABC transporter 10
3 Peptidases 9
4 Chl a/b binding 8
5 DNA/RNA helicases 6
5 GTP binding 6
6 Chaperons 5
6 TonB box, N-terminal 5
7 Elongation factor 4
7 Zn-finger 4
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Valentin 2004). However, protein domains of DNA/
RNA helicases are the 8th most abundant protein
domain in the genome of T. pseudonana (Armbrust
et al. 2003), and therefore more evidence is neces-
sary to conclude that these enzymes are essential to
cope with freezing temperatures.
Nine genes encoding peptidases were identified in
the EST library of F. cylindrus: two sequences with sig-
nal peptidase domains were identified and two with
domains for cystein peptidases. Peptidases are en-
zymes responsible for either the complete digestion
of proteins or cleavage of localization peptides re-
quired for protein targeting and activation. Three of
the 10 most highly expressed sequences with unknown
function in F. cylindrus possess signal peptides (predict-
ed by Interpro). In addition, peptidases may also be
required to repair photodamaged proteins (e.g. D1 of
PSII) under freezing temperatures (Mock and Valen-
tin 2004).
Membrane transport of substances other than pro-
teins also seems to play a pivotal role in cold adapta-
tion. The high number of ABC transporters in plants
(Henikoff et al. 1997, Sa´nchez-Ferna´ndez et al. 2001)
has been hypothesized to reflect the fact that sessile
organisms rely upon detoxification as an important
means of resisting different stresses. Interestingly, few
plant ABC transporters have actually been shown to
play a role in detoxification. Instead, these transport-
ers appear to be required for a variety of other pro-
cesses such as fungal resistance, stomatal conductance,
or signal transduction (Martinoia et al. 2002).
Two out of the ten ABC transporter EST sequences,
both represented by a single clone, displayed ho-
mologies to bacterial permeases. Four of the ABC
transporters are homologous to ABC transporters ex-
clusively found in eukaryotes. There are two sequences
with homologies to WBC proteins: one PGP-like EST
and the other one with similarities to ABC1 proteins.
All these proteins are found in animals and plants, and
they consist of at least one membrane-spanning do-
main coupled to an ATP-binding cassette in one poly-
peptide, like the WBC proteins, or they harbor both
domains in tandem. Functional characterizations of
these transporters according to their structure were
not possible, because of their diverse substrate specifi-
cities and functions. Four ABC transporter ESTs iso-
lated in this study are of particular interest. They are
all homologous to genes encoding proteins with two
ATP-binding cassettes without membrane spanning
domains. One of them belongs to the GCN20 class,
first characterized in yeast and then also found in other
higher eukaryotes (Vazquez de Aldana et al. 1995,
Dean and Allikmets 2001, Sa´nchez-Ferna´ndez et al.
2003). Another two ESTs encode two different YEF3
homologs. These proteins are structurally and func-
tionally related to GCN20 proteins in yeast. Both pro-
tein classes are involved in translational control in yeast
(Decottignies and Goffeau 1997), but their function in
other organisms remains to be elucidated. The fourth
EST clone shows homology to bacterial uup genes and
also to a protein with two ABC domains but without a
membrane-spanning domain. These proteins have
been reported to control transpositional processes in
E. coli (Reddy and Gowrishankar 1997). Although all
these structurally related proteins are relatively well
characterized in bacteria and yeast, almost nothing is
known about them in higher eukaryotes. The appear-
ance of these four different clones in this ESTcollection
suggests a functional role for this particular group of
ABC transporters in cold acclimation of F. cylindrus.
To date, polar diatoms are not a major subject in the
field of cold acclimation/adaptation, despite their im-
portant role as the basis of the entire polar food web.
Therefore, this EST study was conducted to provide
the basis for further molecular studies with polar dia-
toms and in particular with F. cylindrus. Most of the
annotated sequences are related to translation, rib-
osomal structure, biogenesis, and post-translational
modifications of proteins. New enzymes/proteins are
required to acclimate to freezing temperatures. The
occurrence of signal peptides in some of the most
highly expressed sequences indicates secretion of these
proteins.
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